Characteristics of shear-wave splitting are illustrated by modeling the downgoing transmitted wavefield using a simple convolutional model. The crossterms (radial-transverse, transverse-radial) mimic the seismic thin-layer response as a function of the amount of shear-wave splitting (analogous to layer thickness) for a single fracture trend. For a fixed amount of splitting and variable azimuth relative to the anisotropy trend, the amplitude of the crossterms varies as a function of azimuth. In the presence of multiple fracture orientations, the crossterms are no longer identical, and for a variable-source receiver azimuth the effects of splitting appear as an azimuthally dependent wavelet.
Introduction
Nine-component 3-D seismic data have typically been processed with the goal of extracting information on vertical cracks (azimuthal anisotropy) as indicated by the presence of shear-wave splitting. Alford rotation (Alford, 1986) attempts to orient the orthogonal source-receiver coordinates parallel and perpendicular to the trend of the cracks, and thereby focusing the energy onto the two principal components. The differential traveltimes of the shear-wave energy on the principal components are interpreted as being indicative of vertical cracks. The approach is strictly valid only at normal incidence where there is no distinction between SH and SV waves, although Alford rotation has also been applied to prestack data (Shuck et al., 1996) .
Example: Single fracture trend
We model the effects of shear-wave splitting by imposing a time delay to a downgoing transmitted waveform (representative of the downgoing wavefield of a VSP). We then rotate the system by a specified angle to simulate the effects of shearwave splitting that would be recorded on a four-component shear-wave system (orthogonal shear-wave sources, orthogonal horizontal receivers).
Seismograms obtained assuming a single fracture trend with varying amounts of shear-wave splitting are shown in Figure  1a . A Ricker wavelet of 15 Hz is used as the source wavelet. Random noise (6-44 Hz passband) is added that is scaled such that the maximum amplitude of the noise is one-fifth of the maximum signal amplitude. The noise is independent for each trace of a single four-trace gather, but the same noise is added to each gather.
The amount of splitting in ms is indicated above each panel. The principal components (first and fourth traces) are timereversed versions of each other. The crossterms (second and third traces) show a response that mimics the seismic thinlayer response. The wavelets are resolved for large amounts of splitting, and as the amount of splitting decreases the crossterms resemble the time derivative of the wavelet. The amplitudes of the crossterms decrease as ∆τ approaches zero.
Effects of a variable source-receiver azimuth relative to a given fracture trend are shown in Figure 1b . The amount of splitting is held fixed (10 ms), and the source-receiver system is rotated relative to the fracture trend. The orientation angle is given beneath each group of traces. The crossterms reach a maximum amplitude at 45 degrees. There is a symmetry in the seismograms around 45 degrees, although the fast and slow shear-waves are interchanged.
Figures 1a and 1b illustrate the frequency dependence of our ability to detect small amounts of splitting. Note that the 15 Hz wavelet is representative of the bandwidth of most 9-C 3-D shear wave data recorded. The amplitudes of the crossterms in the 25-45 degree range ( Figure 1b ) are relatively invariant which will make extraction of the rotation angle problematic in the presence of noise.
Alford rotation in the presence of noise
In the case of variable splitting for a fixed fracture trend, Alford rotation attempts to estimate the orientation of the fracture trend ( Figure 1c) . The actual orientation angle is 30 degrees. Estimated rotation angles are shown above each group of traces. The error is largest for small amounts of splitting where the crossterms have low amplitude.
For a fixed amount of splitting, Alford rotation estimates the rotation angle of the source-receiver coordinates relative to the fracture trend (Figure 1d ). The fracture trend is oriented at 15 degrees relative to the source-receiver coordinates. The actual (below Figure 1b) and estimated (below Figure 1d) azimuths are listed. Note the relatively uniform error over all azimuths.
Alford rotation results are biased by additive noise especially for small amounts of splitting.
Multiple fracture sets and layer stripping
A more realistic case is one where there are multiple fracture trends at different depths, each with a different orientation relative to the source-receiver coordinate system. Data are simulated at four depths using the model shown in Figure 2 . The traveltime delay (amount of splitting) and orientation angles of the fracture sets are shown.
The data in Figure 3 show the variation in response as a function of source-receiver azimuth. A single fracture system produces crossterms that are identical. Note that the crossterms change polarity from 10 to 20 degrees since the fracture trend is oriented at 15 degrees. At an angle of 15 degrees, the crossterms would be zero since the source-receiver coordinates would be aligned with the fracture trend. At 60 degrees there is no apparent time shift between the principal components.
Note the variations in waveform at depths 3 and 4 which have detected additional fracture trends. The data on any single component varies dramatically in waveform and relative timing as a function of azimuth.
Multiple fracture sets complicate the Alford rotation analysis. In this case, a layer stripping approach must be used (Ohanian and Beckham, 1992) . Note that this procedure assumes that data measurements exist at depths that occur between the multiple fracture sets.
9-C 3-D surface reflection data
VSP data, or other prior information, often provide the fracture orientation angle which is then used (often blindly) to rotate the surface seismic data parallel and perpendicular to the inferred fracture trend.
Alford rotation applied to 9-C VSP data from Cheyenne County, Colorado suggests 8 ms of one-way traveltime splitting. The splitting occurs in the overburden at depths shallower than the depths spanned by the VSP.
A 9-C 3-D seismic reflection data set from Colorado covers an area of approximately 8000 ft by 6000 ft. Super gathers of the entire prestack data set are shown in Figure 4 . Data were stacked into 100 ft offset bins after rotation (based on sourcereceiver azimuth) into radial-transverse coordinates. The radial source, radial receiver data are essentially SV and the transverse source, transverse receiver data are SH. Note the isolation of the P-wave energy onto the SV data. Note the clarity of the SH first-arrivals.
With regard to anisotropy, there is a rather dramatic difference in the shear-wave first-arrival times at the far offsets. This timing difference is apparently due to VTI rather than azimuthal anisotropy and is not apparent when the the data are in field coordinates.
Discussion and Conclusions
Synthetic examples show that for a single set of fractures, the crossterms mimic the response of a seismic thin layer as a function of the amount of shear-wave splitting. Our ability to detect the splitting and estimate the Alford rotation angle is dependent on the frequency content of the data, the amount of splitting, data signal-to-noise ratio, and the invariance of the seismic wavelet. In the case of multiple fracture trends at different depths, data must be available that samples each set of fractures, and a layer stripping approach must be used to estimate the splitting and rotation angles.
One can question the emphasis on transmission-path traveltime splitting since azimuthal anisotropy in the overburden provides no direct information about fractures in the reservoir. The azimuthal dependence of AVO may provide more useful information.
The shear-wave data are a mixture of SV, SH, and P-waves when data processing is performed in field coordinates. Alford rotation is strictly valid only at normal incidence. Surface waves complicate the isolation of the near normal-incidence data from real 9-C 3-D seismic data, especially when receiver arrays are not used. 
